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Abstract: The mode of action of pre-
cious metal anticancer metallodrugs is
generally believed to involve DNA as a
target. However, the poor specificity of
such drugs often requires high doses
and leads to undesirable side-effects.
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structure of the assembly of streptavi-
din and a biotinylated piano-stool, we
explored the formation of metallodrug-
mediated ternary complexes with the
presenter protein and DNA. The as-
semblies bound more strongly to telo-

mere G-quadruplexes than to double-
stranded DNA; chemo-genetic modifi-
cations (varying the complex or mutat-
ing the protein) modulated binding to
these targets. We suggest that rational
targeting of small molecules by pre-

With the aim of improving the specific-
ity of a ruthenium piano-stool complex
towards DNA, we employed a present-
er protein strategy based on the biotin—
avidin technology. Guided by the X-ray

Keywords:

Introduction

DNA is a privileged target of anticancer metallodrugs like
cisplatin. However, such drugs often suffer from high toxici-
ty and drug resistance due to non-selective binding to other
than oncogenic DNA.I'' To minimize metallodrug toxicity,
several interactions with cancer-associated DNA sequences
would be desirable, but such extensive interactions are hard
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senter proteins could be exploited to
bind metallodrugs to preferred macro-
molecular targets.

to achieve with small-molecule drugs. Ultimately, designed
assemblies of metallodrugs with presenter proteins® may
lead to effective mechanisms of small-molecule delivery to
preferred macromolecular targets.

To increase selectivity of small molecule drugs for macro-
molecular targets, “surface borrowing” can be used to pro-
vide additional surface contacts through a presenter protein,
which modulates the specificity and affinity of ligand-mac-
romolecule interaction.” The use of bifunctional molecules
based on biotin—streptavidin technology has been used for
targeting RNA, in which a contribution from protein con-
tacts to the anti-tobramycin RNA aptamer was suggested.®l
Inspired by these presenter protein strategies and our previ-
ous experience of enantioselective artificial metalloen-
zymes,“! we anticipated that metallodrug-mediated protein—
DNA interactions could be engineered leading to a stable
ternary metallodrug—protein-DNA complex (Figure 1). Such
complexes with DNA would be reminiscent of the binding
of high-mobility group (HMG)-domain proteins to platinat-
ed DNA that mediate cytotoxicity in vivo.’! Analogous
mechanisms of action ultimately involving ternary com-
plexes have also been described for other clinically useful
drugs, such as the immunosuppressive antibiotic rapamy-
cin.!
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Figure 1. Presenter protein strategy for targeting telomeric DNA with ruthenium metallodrugs. The ruthenium
drug embedded into tetrameric Sav in a 2:1 molar ratio forms a supramolecular complex that may allow exten-
sive interactions with a DNA (here depicted as G-quadruplex telomeric DNA; G4A). Chemo-genetic optimi-
zation, that is, mutations of defined streptavidin residues (e.g., K121 and S112) or modifying the arene cap of
the Ru complex, can modulate the affinity of the assembly for the DNA target. Compound 1=[(n’p-
cymene)Ru(Biot-L)Cl]CF;SO; and 2=[(n’-biphenyl)Ru(Biot-L)CI|CF;SO;; Biot-L =Biotin-N-(R,R)-3,4-di-

aminopyrrolidine.

Organometallic drugs have received increasing attention
spurred on by their non cross-resistance with Pt-based
drugs.! Specifically, the study of ruthenium piano-stool
complexes (e.g., see compounds 1 and 2, Figure 1) as poten-
tial anti-tumour drugs has begun to establish structure-activ-
ity relationships.”’! These studies also highlighted the impor-
tance of non-covalent interactions in the second coordina-
tion-sphere, such as hydrophobic interactions between the
n’-arene ligand of the piano stool (Figure 1) and DNA that
help improve selectivity.”! Recently, the nature of the
second coordination sphere has also been shown to influ-
ence both kinetic- and thermodynamic properties of the
binding to proteins, which constitute alternative macromo-
lecular targets of anticancer drugs.'”

Results and Discussion

Construction of a presenter protein and metallodrug assem-
bly: As proof-of-concept that target selectivity can be engi-
neered into a supramolecular assembly of drug and present-
er protein, we synthesized a biotinylated metallodrug (com-
pound 1, Figure 1) inspired by promising anticancer Ru"
piano-stool complexes,”! for incorporation into streptavidin
(Sav). The strong binding affinity of Sav for 1 was confirmed
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by isothermal titration calorim-
etry (ITC; K,<60nm;
Figure 2).

X-ray structure: The crystal
structure of the 1CSav tetramer
assembly determined at 2.0 A
resolution (Figure 3 and Sup-
porting Information Figures S1—
S3) from protein crystals
soaked in excess of 1 shows
that the four biotin binding
sites are fully occupied with the
metallodrug. Ruthenium is co-
ordinated by four ligands, two
amino groups of the 3,4-(R,R)-
ligand, a chloride molecule and
the aromatic ring of the p-
cymene (Table1). The metal
complex has a distorted tetra-
hedral “piano-stool”-like geom-

O etry. In addition to the well
|mC-bipheny)RuCIBict L)~ ~ documented biotin-Sav interac-
2 tions,'" other interactions be-

tween 1 and Sav found in the
crystal structure enforce the lo-
calisation of the piano-stool
moiety within the biotin bind-
ing pocket (Figure 3): 1) hy-
drogen bonding of a diamino-
pyrrolidine nitrogen to the side

J

Table 1. Geometrical properties of the primary coordination sphere of
the ruthenium in 1 as bound to streptavidin. For simplicity the hydrogen
atoms of the amine groups and the neighbouring atoms of the pyrrolidine
carbons are omitted. Angles [°] and distances [A] relative to the p-

cymene group refer to the centre of the aromatic ring.
cym

l

Ru

"\,
N \N2 (]
Cll c?

N'-Ru-N? 83 N'-Ru 2.48
N2Ru-Cl 67 N>-Ru 2.37
Cl-Ru-N! 97 ClI-Ru 2.83
cym-Ru-N! 130 cym—Ru 1.83
cym-Ru-N? 139

cym-Ru-Cl 121

N.-CLC:-N! 89

chain of S112; 2)apolar interactions of p-cymene with
Thr114 (Supporting Information, Figure S3) and 3) indirect
binding of the labile chloride (or water) ligand to the back-
bone carbonyl of S122 through a well-ordered water mole-
cule. The diaminopyrrolidine S112 H-bond is reminiscent of
a critical interaction between a Pt ligand N—H group and
the phosphate backbone of double-stranded DNA (dsDNA)

Chem. Eur. J. 2010, 16, 12883 -12889
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Figure 2. ITC profile for the binding of 1 to Sav. Titration was carried out
at 25°C in 3-(N-morpholino)propanesulfonic acid (MOPS) buffer
(75 mm) at pH 6.5 with 10 mm of KOH. Every 4 min, 5 pL of 1 (1 mm)
was injected in the reaction cell (V. =1.5mL) filled with Sav (40 um of
monomer). The heat values are plotted as a function of 1/Sav molar
ratio, to give the corresponding binding isotherms. The resulting iso-
therms were then fitted to a two set binding sites model. Although bind-
ing was strong and probably beyond the sensitivity of ITC, each tetramer
of Sav bound approximately four complexes of 1 with affinities of Kd <
60 nM.

identified by Lippard in both cisplatin and oxaliplatin X-ray
structures.['”

In the crystal structure, symmetry related cis-Ru atoms
are 10.4 A apart (Figure 3). In the absence of a neighbour-
ing cis compound 1 (see Supporting Information: Video 1),
the size and charge of the pocket would allow multiple inter-
actions with an incoming DNA molecule. The orientation of
the labile Ru—Cl bond is compatible with coordination to
electron-rich N’ atoms of purines!™ in an endo-base of
single-stranded DNA (ssDNA).

Metallodrug binding to quadruplex DNA: Although the
target of DNA-binding metallodrugs is generally thought to
be mainly dsDNA, G-quadruplexes also offer attractive al-
ternative therapeutic targets;'¥ they are abundant in telo-
meres at the end of chromosomes and are found as potential
regulatory elements in genes, including oncogenes. Thus, we
next investigated the binding of 1CSav, assembled by mixing
two equivalents of complex 1 with one equivalent of tetra-
meric Sav, to a model G-quadruplex telomeric DNA,
namely G4A, consisting of 39 bases (Figures 4 and 5).['")
ITC titration (Figure 4a) suggests the formation of a ter-
nary complex between the drug-presenter protein assembly
(1cSav) and G4A, with sub-micromolar affinity (Table 2,
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Figure 3. Crystal structure of 1 embedded into the Streptavidin presenter
protein (1CSav). a) Close-up view of 1 bound to a Sav monomer
(orange) also showing the cis-related ruthenium moiety (upper-left
corner) that is bound to the symmetry-related Sav monomer (aquamar-
ine). Selected Sav residues are shown in full and are labelled. Primed res-
idues belong to the symmetry-related monomer. The 2 Fo-Fc electron
density map of 1 is contoured at 1.0 0. The ruthenium atom is tetrahe-
drally coordinated by two amino groups of the diaminopyrrolidine, the p-
cymene and a putative chloride ion (shown in green). b) Molecular sur-
face representation of the Sav tetramer showing two cis-related rutheni-
um moieties. The Sav surface is coloured according to amino acid, with
blue =basic residues; red=acidic residues; green =polar residues; grey =
hydrophobic residues. The structure has been deposited in the Protein
Data Bank (www.pdb.org) with accession code 2WPU.

entry 2). The binding of Sav alone with G4A was markedly
weaker in the absence of complex 1 as determined by elec-
trophoretic mobility-shift assays (EMSA; compare Table 2,
entries1 and 2) and by ITC (Figure4b). EMSA gels
(Figure 5) and ITC (Figure 4c) using G4A as target were
also carried out with 1 alone (in the absence of Sav). These
data reveal the formation of a mixture of fast migrating spe-
cies that cannot be resolved by EMSA or by ITC, support-
ing the expected multiple strong binding events to the
DNA: there is ample experimental evidence for related Ru
piano-stool complexes that display preferential binding to
N’ guanine in DNA;["¥l a QM-MM calculation predicts a K,
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Selectivity for single stranded
DNA (ssDNA): To test whether
1cSav  recognizes structural
features of G4A or simply its
nucleotide content, we used a

A
=
!
-
,
N
=
X

£
£
¥

kcal mol~' of SAV c 1
(6]
LY
kcal mol~' of SAV
()]

scrambled telomeric sequence
(scG4A) that could not form a
G-quadruplex structure. The
binding of 1CSav to this control
oligonucleotide (scG4A) was
measurably weaker than for
G4A, which is bound stoichio-

Molar Ratio

c) t/ min d)
120 240 360 480 0

o

metrically in our EMSA assay
(Table 2, entries 2 and 11). The
ITC titration curve of scG4A
could not be fitted to a one-site
binding model (Figure 4d).

ol —————e

-0.4 4 4

ucal s
pcal s

—061 1 0.0

—-0.8 B

Therefore, under these condi-
tions, 1CSav binds strongly to
the G-quadruplex in a defined
1:1 stoichiometry that fits a
single-binding site mechanism
and also binds to other ssDNA
with marginally less affinity and

=
e
3

° s 2]

-

|
(5]
L

=10 -

kcal mol-"of 1

2

kcal mol-' of SAV c 1
o
L

—15 i

in a complex mode.

"“"w Competitive binding: To test

" the selectivity of a ternary com-

i -] plex with DNA in the presence
of potentially interfering mac-
- - romolecules, first competition

Molar Ratio

Figure 4. DNA-binding monitored by ITC: a) binding of 1CSav to G4A: a single set of identical sites model
provided an association constant of (1.35+0.28)x 10°m~", enthalpy of (1.23+0.355)x 10* kcalmol~!, and stoi-
chiometry of 0.90+0.02; b) binding of Sav to G4A: a single set of identical sites model gives an association
constant of (6.56+2.35)x10*M™!, enthalpy of (1.05540.124) x 10° kcalmol ™', and stoichiometry of 1.8140.09
(the binding affinity of the protein alone is more than ten times weaker than in the presence of compound 1);
¢) binding of 1 to G4A is apparently strong, exothermic in the conditions used and very different from that
found for the ruthenium drug assembled with the presenter protein (see Supporting Information); d) binding
of 1CSav to a “scrambled” telomeric DNA (scG4A) is markedly different and cannot be fitted to a one-site

binding-model (compare panels d and a).

of 0.1 um for a related Ru piano stool.'® Addition of 1cSav
produced a concentration-dependent change in migration of
G4A in EMSA, leading to a single slow migrating species at
high concentration that is also consistent with the formation
of a ternary complex with a defined 1:1 stoichiometry
(DNA/1cCSav) (Figure 4). Affinities obtained by varying the
ratio of 1/Sav from 1:1 to 4:1 are comparable (Table 2 en-
tries 2, 14 and 15 and Supporting Information Figure S4).
The 2:1 ratio was selected for all subsequent studies as it
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studies with glutathione were
carried out. Glutathione has
been shown to coordinate anti-
cancer Ru complexes in vitro'”)
and has also been implicated in
metallodrug inactivation in
vivo." ¥ Although complex 1
could bind glutathione (Sup-
porting Information Figure S5
and Table 2), the presence of a
300-fold excess glutathione with
respect to G4A (final concen-
tration of glutathione=1 mwm; i.e., within the physiological
range) did not appreciably affect formation of the complex
with G4A as evidenced by EMSA (Figure 5).

An excess of competing ssDNA co-incubated with G4A
(up to 157 equivalents of competing ssDNA with respect to
G4A) lowers binding of the metallodrug—protein assembly
as determined by EMSA, but only marginally (Table 2 en-
tries 12 and 13 and Figure 6a). The 12mer ssDNA was
better at inhibiting G4A binding than the GGG-trinucleo-

Molar Ratio
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Figure 5. Binding of assembly of metallodrug and presenter protein
(1cSav) to G4A monitored by electrophoretic mobility shift assay
(EMSA) on agarose gels: EMSA on agarose gels of 1CSav variants wild-
type (WT); WT in the presence of 1 mm glutathione; S112F; S112D or
K121A incubated with G4A. Lane 1: DNA Marker. Lane 2: G4A. Lane
3: G4A (3.3 um)+Sav (39.6 um); Lane 4: G4A (3.3 pm)+1 (85.7 um).
Lanes 5-10: G4A (3.3 um)+1cCSav at increasing concentrations: 0.8, 1.6,
3.9,7.9, 19.8, 39.6 um, representing a 1CSav/G4A ratio from 0.2 to 12. In
all cases 500 ng of DNA was loaded onto the gel.

Table 2. Summary of dissociation constants (K,;) of Ru-Sav assemblies
for various DNA targets, as estimated from EMSA.

Entry DNA Metal Ratio Sav K, estimated by
Target complex  Ru/Sav EMSA [uM]

1 G4A none - WT > 1450

2 G4A 1 2 WT <1.6%d

3 G4A 1 2 SI12F < 1.6¢

4 G4A 1 2 S112D 122

5 G4A 1 2 KI121A 28

6 G4A 1 2 WT <1.6¢
(GSH)M!

7 dsOnc 1 2 WT 37.9

8 dsOnc 1 2 S112F 379

9 dsOnc 2 2 WT 379

10 dsOnc 2 2 S112F 18.2

1 scG4All 1 2 WT 23

12 G4A 1 2 WT 2
(GGG)H

13 G4A 1 2 WT 5.4
(12mer)¥

14 G4A 1 1 WT 2.3

15 G4A 1 4 WT <1.64

[a] K4 determined by ITC: 152 pm (see Supporting Information; Fig-
ure S6); [b] K determined by ITC: 0.74 um; [c] Binding was stoichiomet-
ric and probably beyond the sensitivity of these EMSA; [d] In brackets
competing species: glutathione (GSH), trinucleotide GGG (GGG) and
ssDNA 12mer (12mer); [e] “Scrambled” G4A has identical nucleotide
content to G4A but with a different sequence and structure.

Chem. Eur. J. 2010, 16, 12883 - 12889
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Figure 6. Binding of assembly of metallodrug and presenter protein
(1cSav) to ssDNA, monitored by EMSA on agarose-gels: a) Binding to
G4A DNA in the presence of competing DNA substrates. Lane 1:
Marker (M). Lane 2: G4A. Lane 3: G4A (3 um)+ GGG trinucleotide
(206.5 um) or 12mer ssDNA (462 um) respectively. Lane 4: G4A (3 um) +
GGG (206.5 um) or 12mer (462 um) respectively +complex 1 (76.5 um).
Lane 5-10: GGG (206.5 um) or 12mer (462 um) were co-incubated with
G4A (3 pum) and the 1CSav assembly at increasing concentrations: 0.7,
1.4, 3.5, 7, 17.7, 35.3 um; under these conditions, the molar ratio 1CSav/
G4A ranges from 0.2 to 12, while GGG/G4A and 12mer/G4A ratio is 69
and 154, respectively. Lane 11: G4A (3um) and 1CSav assembly
(353 um). Lane 12: GGG (206.5 um) or 12mer (462 um) in the presence
of 1CSav assembly (35.3 um); GGG or 12mer are barely visible by ethid-
ium bromide staining due to lack of intercalation of the dye in ssDNA.
b) Binding to a ssDNA with a “scrambled” G4A sequence (scG4A)
unable to form a DNA quadruplex. Lane 1: DNA Marker. Lane 2:
ScG4A. Lanes 3-11: G4A (3.3 um)+1CSav at increasing concentrations:
0.4, 0.6, 0.8, 1.6, 3.2, 3.9, 7.9, 19.8, 39.6 um, representing a 1CSav/G4A
ratio from 0.12 to 12. In all cases 500 ng of scG4A was loaded onto the
gel.

tide, which may intimate the existence of a more extended
interaction with the 1CSav assembly compared with the
smaller GGG-trinucleotide. These results support the notion
that G4A is a privileged target.

Genetic control of the second coordination sphere: Next, we
investigated the influence of the second coordination sphere
on G4A binding through site-directed mutagenesis. The
crystal structure reveals two lysines (K121 of the two adja-
cent monomers) within 10 A of the Ru, at the entrance of
the largely hydrophobic biotin binding pocket (Figure 3).
Mutation of this positively-charged residue (K121A) de-
creased affinity significantly (Figure 5 and Table 2 entry 5).
A decrease in affinity upon lysine mutation has also been
observed in other nucleic acid binding proteins!™® and sug-
gests that the lysines might form a salt bridge with the phos-
phate backbone. Similarly, the introduction of a negative
charge in the vicinity of the Ru (S112D) also reduced bind-
ing-affinity (Figure 5 and Table 2 entry 4), perhaps caused

www.chemeurj.org
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by charge repulsion. In contrast, the introduction of an aro-
matic residue at the same position (S112F) did not apprecia-
bly change the affinity for G4A (Figure5 and Table 2
entry 3). These results show that DNA binding of the cation-
ic Ru complex 1 is influenced by the second coordination
sphere provided by the protein, particularly by charged resi-
dues in the vicinity of Ru.

Chemo-genetic optimization for improved binding to

dsDNA: We also explored whether Sav could present metal-
lodrug 1 to dsDNA (Figure 7 and Table 2 entries 7 and 8).

b)

ds Onc

M 1cSav

cationic Ru complex 1 to G4A in presence or absence of
Sav and 2) the influence of chemogenetic modifications on
DNA binding, for example decreasing binding to G4A using
a K121A mutant or by increasing the affinity for dsSDNA by
a judicious combination of genetic variant (S112F) and com-
plex 2 (containing a biphenyl arene cap). In contrast, selec-
tive DNA binding is difficult to achieve with small metallo-
drugs, such as cationic Ru complex 1 alone, because there
are only limited interactions available for recognition of the
target.

Conclusion

75 We have shown that a supra-

7 89 101

Figure 7. Chemo-genetic optimization of assemblies of drug-presenter proteins improves binding to dsDNA.
Comparison of WT streptavidin (a and c) to a genetic variant S112F (b and d) illustrates that the nature of the
metallodrug and presenter protein can influence the binding to dsDNA, as revealed by EMSA on agarose
gels. Lane 1: Marker (M). Lane 2: dsOnc. Lanes 3-11: dsOnc (3.12 um) + concentration increase of 1CSav: 0.4,
0.6, 0.8, 1.6, 3.2, 3.9, 7.9, 19.8, 39.6 um with a 1CSav/dsOnc ratio from about 0.12 to 12. Lanes 12-20: dsOnc
(3.12 um) +concentration increase of 2CSav: 0.4, 0.6, 0.8, 1.6, 3.2, 3.9, 7.9, 19.8, 39.6 um with a 2CSav/dsOnc
ratio from about 0.12 to 12. In all cases 500 ng of DNA was loaded onto the gel.

For this purpose, we used an 18 base pair dsDNA that in-
cludes the sequence of the common Braf V599E oncogenic
mutation (dsOnc).”” Compared with the affinity for G4A
(Kq~ < 1.6 um as estimated by EMSA; Figure 5), the affinity
for dsOnc is significantly lower, with K;237.9 um (Figure 7a
and Table 2 entry 7). We hypothesize that a different organi-
zation of functional groups, as well as the reduced flexibility
of dsDNA, hampers efficient interaction between the ruthe-
nium and nucleophilic sites on the bases. To further demon-
strate that DNA binding can be fine-tuned using an assem-
bly of drug and presenter protein, we sought to improve
binding to dsDNA chemo-genetically, either with an interca-
lator,”” such as n°-biphenyl piano-stool complex 2, or by ge-
netic introduction of an aromatic residue to the position
closest to Ru (S112). The biphenyl-containing S112F variant
(2cSav S112F) increased the affinity to dsOnc (Figure 7d
and Table 2 entry 10), suggesting that modulation of non-co-
valent interactions in complexes of metallodrugs and pre-
senter proteins can be engineered chemo-genetically to
afford more specialised binders.

The importance of the extended second coordination
sphere that is provided by the presenter protein for selective
binding of a small molecule to a macromolecular target is
shown by the following: 1) the different modes of binding of
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molecular assembly consisting
of a metallodrug (i.e., biotiny-
lated ruthenium piano stool)
combined with a presenter pro-
tein (i.e., streptavidin) modu-
lates the recognition profile in
vitro through the provision of
additional non-covalent interac-
tions. Such extended contacts,
which are not typically avail-
able to small molecule drugs,
allow modulation of affinity
and selectivity towards DNA
telomeres, even in the presence
of competing targets (such as
glutathione and dsDNA).

In the present form such as-
semblies cannot be delivered
easily into cells, thus hampering
in vivo studies. To overcome this challenge, our current al-
ternative efforts include the following: 1) appending cell-
penetrating peptide sequences to the presenter protein;
2) exploring non-DNA [ extracellular targets, which cir-
cumvents the need for intracellular delivery and 3)ex-
ploiting endogenous species as presenter proteins, such as
those overexpressed in cancer cells. The latter would thus
only require cell penetration of the metallo-prodrug. The ul-
timate aim of these experiments is to use such tethered or
cross-linking drugs®? in which an initial kinetic binder'®!
does not merely act as a “carrier”® or “reservoir”®! but
also chaperones the drug selectively to a macromolecular
target in vivo, contributing ultimately to the inhibitory (bio-
active) species.

Experimental Section

Experimental details can be found in the Supporting Information.
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